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[1] In recent years, evidence has been found for the existence of a critical temperature
for the onset of spacecraft charging to high voltages. High-voltage charging affects
scientific instruments on board and is related to spacecraft anomalies. However, less
attention has been given to low-voltage charging which can also affect scientific
experiments on board and is relevant to surface chemistry. There also can exist an
anticritical temperature for low-voltage spacecraft surface charging. Ambient electrons at
very low temperatures tend to cause negative surface charging, albeit at low voltages,
and as the electron temperature increases, the charging ceases at a critical value depending
on the surface material. We present the theory and numerical results of anticritical
temperatures for typical surface materials in Maxwellian space plasmas. The change in
anticritical temperature due to a low-incident-energy enhancement of the electron
backscatter yield, consistent with recent measurements, is discussed. Approximate
expressions for the anticritical temperature upper limits are given on the basis of Taylor
cxpansions at low temperature of the charging onset equation. It is shown that that the
existence of the anticritical temperature slightly modifies the possible triple-root
configurations in the flux-voltagc characteristic curve for a material. The surface charging
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cffect of a Maxwellian plasma with flux components spanning the anticritical and
critical temperatures is eonsidered. A eomparison with an empirical low-voltage charging

curve is given.

Citation:
doi:10.1029/2008JA013161.

1. Introduction

[2] 1n recent years, evidenee has been found in support of
a eritical temperature T* of ambient eleetrons for the onset
of spacccraft charging at geosynchronous altitudes. The
critical temperature is the threshold level for negative
voltage charging, based solely on electron eurrents, assum-
ing a Maxwellian distribution of ineident electrons, with
accompanying sceondary and backseatter interactions in the
satellite surface material. The net current, integrated over
energy, depends on the temperature of the Maxwellian
distribution. The threshold temperature oceurs when there
is a balanee betwcen the primary cleetron currents entering
the material and the secondary/backseatter electrons eseap-
ing from it. The solution to this condition yields T* the
critical temperature for the onset of spaceeraft charging [Lai
et al., 1982, 1983; Laframboise et al., 1982; Laframboise
and Kamitsuma, 1983; Lai, 1991a, 1991b; Lai and Della-
Rose, 2001; Lai and Tautz, 2006).

[3] For many materials, because of the shape of the
secondary and backscatter emission curves, there is a second
solution at a lower-temperature 7. The solution, T, has the
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property that surface charging to negative voltages oceurs
below T, but is suppressed above it. Beeause this effeet is
the opposite to that of the eritical temperature, we call T, the
antieritical temperature. In sections 2 and 3, we outline the
theory of the eritieal and antieritical temperatures. Approx-
imate caleulations of the anticritical temperature upper limits
are presented in seetion 4. In section 5 we outline the physies
of triple root formation and in seetions 6 and 7 we study the
problem of triple-root jumps and equilibrium spaeeceraft
potentials in a double and triple Maxwellian plasma, assum-
ing that both 7, and T* exist for a given surface material.
Seetion 8 gives a discussion of the eharging effeet of a triple-
Maxwellian spaee plasma, having temperature components
spanning the antieritical and eritical temperatures, with
cmphasis on the low-voltage spacecraft eharging region. In
section 9 we give a eonclusion.

2. Existence of the Critical Temperature

[4] We first outline the eoncept of eritical temperature. The
ambient electron current often exeeeds that of ambient ions by
nearly 2 orders of magnitude [Reagan et al., 1983 ] because of the
mass differenee and thus the ion contribution can be neglected.
The onset of spacecraft charging at equilibrium is determined by
the balanee of incoming and outgoing electron fluxes

/d‘w"F(v) = /d’vv,,[b(l;’) + E)|F(v), (1a)
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where F(v) is the ambient electron velocity distribution, v,
1s the normal component of the electron velocity, and both
sides are actually definite integrals. One can writc v, =
vcosf 1n spherical coordinates (v, 6, ¢), where 8 is from 0 to
7/2 and ¢ from 0 to 27w. Writing the integrals explicitly,
cquation (la) 1s of the form

~ /2 2r
/ dvv? / df sinf / dov,F(v)
Jo 0 Jo

x /2 2
= / dvv? / dfsinf / dov,[6(E) + n(E)|F(v). (1b)
JO JO J0

In equation (1a), the secondary and backscattered electron
yields, 8(F) and 7(E) respectively, are measured in the
laboratory as functions of clectron energy, F, where E =
(1/2)mV2.

[5s] To solve equation (la) for a given surface material,
one needs to input the functions &(E) and n(F). It is
convenient to use the fitted 6(F) function obtained by
Sanders and Inouye [1978]

8(E) = clexp(—E/a) — exp(—E/b)] ()

where a = 4.3 E_.,, b = 0.367E,,,, and ¢ = 1.37 6.
[6] Forthe backscattered clectron yield 7(E), Prokopenko
and Laframboise [1980] gave the fitted funetion

1{E) = A — Bexp(—CE). (3)

where the parameters Ep,ax, Omax, 4, B, and C depend on the
surface material.

[7] Converting to spherical coordinates (E, 6, ¢), one can
integrate equation (la) over the encrgy and the two angular
variables. For normal incidence, the angles on both sidcs of
the equation cancel out. After some algebra, one obtains the
following equation:

/ " JEEF(E) / " GEES(E) + fEN(E).  (4)
L) 0

where f(F), obtained from F(v) is the clectron distribution
with the velocity expressed in terms of energy. For
Maxwellian distribution, f{E) 1s given by

Sf(E) = (n/2mkT)** exp(—E/kT), (5)

wherc n is the clectron density, m the clectron mass, T the
electron temperature, and & the Boltzmann constant.
(Strictly speaking, equation (5) is not an energy distribution.
There is an energy distribution, which is differently defincd
[see, e.g., Mayer and Mayer, 1963], but we will not necd to
use it here.) Sinee the plasma density n is multiplicative, it
cancels on both sides of equation (4). Thereforc, the
threshold condition is independent of the elcetron density 7
and depends on thc tcmperaturc 7T only. The condition (4)
can be written in the equivalent form

Jo dEE[(E) + n(E)J(E) _ | (6a)
Jo dEEf(E)
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In shorthand notations, equation (6a) can be written as

b+ =1, (6b)
where the notations, ( and ), denote averaging in the sense
of equation (6a).

[8] Substituting equations (2) and (3) into equation (4),
with the distribution function f{E) given by equation (5) and
integrating over E, one obtains a sixth-order algebraic
equation for k7, corresponding to cquation (4)

c[(l + kT/a) "2 —(1 +kr/b)*2] +Ad— BCRT+ 1) 2= 1. (T)

A solution of equation (7) can be used to specify the critical
temperature 7* [Lai et al., 1982] for the onset of spacecraft charging.

[9] For clcetrons coming in at various angles, one needs
to use angle-dependent 6 and 7) functions. Angle-dependent
6 and n functions have been given by Darlington and
Coslett [1972] and Prokopenko and Laframboise [1980],
respectively. The algebra becomes morc complicatcd but the
physies remains unchanged. Further dctails on thc critical
temperaturc arc given by, for cxample, Lai and Della-Rose
[2001] and Lai and Tautz [2006] and will not be repcated
here. For comparison purposcs, we include Table 1 listing
the ecritical temperature T* calculated for several typical
surface materials, based on material properties given by
Laframboise and Kamitsuma [1983]. One can see that AT*
1s typically in the few keV range.

[10] There are reeent advances in secondary eleetron yicld
formulac derived by using laboratory mcasurements [e.g.,
Katz et al., 1986; Cazaux, 2001, 2006; Lin and Joy, 2005;
J. R. Dennison, Physies Department, Utah State University,
manuscript in preparation]. We are doing a comparative
study to assess the effects of the various formulae on the
critical temperature. Whencver an improved formula of §(E)
or 7(E) bccomcs availablc, onc can substitute it in equation
(4) for updating the numerical value of the entieal temper-
ature and the anticritical temperature.

3. Existence of the Anticritical Temperature

[11] Figure 1 shows the yields for the sample material
gold as a function of incident encrgy in the energy range 0 <
E < 5 (keV). The lower eurve gives the baekseatter yield,

Table 1. Critical Tcmperature 7*°

Material Isotropic Normal

Mg 04

Al 0.6

Kapton 0.8 0.5
Al Oxide 20 1.2
Teflon 2.1 1.4
Cu-Be 2.1 1.4
Glass 22 1.4
Si0, 2.6 1.7
Silver 27 1:2
Mg Oxide 36 245
Indium Oxide 3.6 255
Gold 4.9 29
Cu-Be (Activated) 53 3.7
MgF, 10.9 7.8

#Units in keV for kT*.

20f IS
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Figure 1. Yield versus energy for gold.

the middle eurve the secondary emission and the top curve
the summed yield, 8(E) + 7(E). It ean be seen that at high
energies, the total yield goes below unity, giving a negative
eurrent eontribution, and the integration over encrgies can
produce current balance (see equation (4)) at the eritical
valuc T*. It is apparcnt from Figure | that the “average”
yield (6 + ) intcgrated over cncrgy (cquation (3)) can also
go below unity at low energies and that therc could be a
sccond solution. We shall eall the unity crossing point ({6 +
n) = 1) at low temperature T, the antieritical tcmperaturc.
The cxistence and valuc of T, depend critically on the low-
encrgy bchavior of the yield curves.

[12] Table 2 lists the numerically caleulated values of
antieritical tempcrature 7, for some typical surfacc matcri-
als, bascd on thc parametcr cocfficients of Sanders and
Inouye [1978] and Prokopenko and Laframboise [1980]. 1t
is observed that thc A7 valucs arc mostly bclow 20 eV for

Table 2. Anticritical Temperature 7, tor Typical Surface Materials®
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normal incidence and below 10 ¢V or nearly zero for
1sotropic incidence. Such low values of antieritical temper-
ature are easily overlooked. From Table 2, we sec that the
S(E) coefficicnt of some matcrials, such as gold and silver,
has two propertics: (1) high valucs of £, and (2) ncar
unity value of é,,,. These two propertics give higher valucs
of T,. The maximum value found is 288 ¢V for silver at
normal ineidence.

[13] Since the sccondary and backscattered clectron cimis-
sion cocfficicnts 6(E) and 7(E) arc obtained by fitting data
obtaincd in the laboratory, the signal-to-noise ratio often
dcereascs as the cncrgy E approaches zero, rendering
inaccuracies to the fitted data in the low-cnergy range.
Thercfore, the cocfficicnts &£) and 7(£) should not be
rcgarded as highly aceurate for small E. In Table 2, anti-
critical temperaturcs k74 below | eV are flagged and no
valuc is given. It is also possiblc that the sccondary and
baekseatter emissions are so small that (§(E) + 1(F)) is less
than onc at all cnergics. In that casc, there would not be a
solution for either the critical or anticritical temperature (sce
matcrials Mg and Al in thc Tables | and 2, respectively) and
thc matcrial should always charge.

[14] The existence of the anticritical temperature 7 stems
from the propcrties of thc sccondary clectron cmission
coefficient 6(F) and backseatter cocfficient 7{E). The inei-
dent clectrons must have enough energy to generate a
sceondary clectron. At sufficiently low-cnergy E of the
incoming electrons, not many exited cleetrons are created
in thc matenial. The result is that thc number of incoming
(primary) electrons cxcecds that of the outgoing sccondary
eleetrons and the secondary emission yield goces to zero as E
approachces zero. This is not neeessarily true for the back-
scattcred clectrons. In Figure 1, the backscatter yicld goes to
a small positivc value, which is sct by a fit to extrapolated
mcasurcd data [Prokopenko and Laframboise, 1980]. In
tcrms of the backscattcr paramcters, the yield at £=0is 4
B, which for gold is 0.124. Howevcr, there arc cxperimental
indications that low-energy backscattercd particles have a
reflection cocfficient of one [Cimino et al., 2004] as E gocs
to zcro. This rcsult can also be derived using a quantum
mcchanics modcl considering a planc wave clectron inci-

Material - —_— [T~ A B C Isotropic” Normal”

Mg 0.25 0.92 0.1460 0.0250 0.3440 — —

Al 0.30 0.97 0.1568 0.0303 0.3431 — —

Kapton 0.15 2.10 0.0700 0.0000 0.0000 0014
AlLO; 0.30 2.60 0.1238 0.0172 0.345S 0.020
Teflon 0.30 3.00 0.0900 0.0000 0.0000 0.017
Cu-Be 0.30 2.20 0.3136 0.0692 0.6207 0.020
Glass 035 2:35 0.2000 0.0420 0.4100 € 0.015
Si0, 0.42 2.50 0.1238 0.0172 0.3435 0.024 0.029
Silver 0.80 1.00 0.3900 0.2890 0.6320 0.184 0.288
Magnesium Oxide 0.40 4.00 0.1238 0.0172 0.3435 3 0.016
Indium Oxide 0.80 1.80 0.2750 0.0250 0.5400 0.077 0.108
SCATHA Boomat 0.59 1.86 0.4380 0.3250 0.6130 0.041 0.059
Gold 0.80 1.45 0.4802 0.3566 0.6103 0.096 0.114
Cu-Be (Activated) 0.40 5.00 0.3136 0.0692 0.6207 0.010
MgF, 0.85 6.38 0.1238 0.0172 0.3435 S 0.019

*Anticritical temperature T given in keV.
"Here — means that there is no T, and < indicates that T, is below 1 cV.
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Figure 2a. Current balance equation (6 + ) = 1 for the
antieritical temperature 7, with and without enhaneed
baekseatter for the surface material gold. We have used
Ey = 0.05 keV for the enhancement fall-off parameter.

dent on a negative potential step [see, e.g., Bransden and
Joachain, 1989].

[15] We have caleulated the yields for gold in the low-
energy range 0 < £ < 0.3 (keV), with an added low-energy
backscatter enhancement. The material properties are the
same as in Figure |, except for the additional term

Anp=(1—-4+ B)cxp( £), (8)
Eq

where parameter £, specifies the enhancement fall-off rate.
With this change, )(E) + An(E) — 1 as £ — 0 and the same
asymptotie backseatter yield is obtained at large £. Experi-
mental data indieates that £ is about 0.05-1.5 keV for gold
[Jablonski et al., 1989; Jablonski and Jiricek, 1996] and
0.05 keV has been used. The effect of the added term is to
produce a minimum in the summed yield eurve. If this
minimum is less than 1.0, an antieritical temperature T exists.
[16] We show in Figure 2a the energy averaged eoeffi-
cient 0 = (6 + n + An) for gold as a function of AT (keV),
with (solid line) and without (dashed line) the additional

backscatter enhancement term, (An)

(An) = (1 = A+ B)/(1 +kT/Ey)*. (9)

For reference, the primary eurve corresponding to the no
backsecatter case is shown as a dash line. The antieritical
temperature is determined by the intersection of the curves
with the horizontal *“negative-to-positive™ transition linc at
o = 1.0. With the added term T, was determined numerieally
to be 0.0915, which ean be compared with 0.1143 for the
unmodified ease. The T, value is shifted to lower T,
because the o curve is elevated by the backscatter so that the
intersection with the horizontal test line ocecurs earlier. The
values of antieritical temperature given in Table 2 thus
represent upper limits.

LAI AND TAUTZ: ANTICRITICAL TEMPERATURE
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[17] Near the eritical temperature, there would also be a
shift, in this ease to higher A7, though it would be small
sinee A7(E) falls off rapidly with E. For the ease of gold,
we obtain 2.913 for the shifted critical temperature and
2.911 for the unmodified case.

[18] For some materials, the backscatter enhancement
could be strong enough so that there is no zero erossing
in the net averaged flux, (1 — & — 7), eurve and no
antieritical temperature would oceur. We do not ealeulate
a table of modified antieritieal temperatures because the
parameter £, is not generally known experimentally. As
indicated in Figure 2b, when E, goes to zero, we recover the
unmodified antieritical temperature. As E, inereases, the
anticritical temperature deereases until at some point (here
Ey ~ 0.13) it disappears. This type of behavior would oeeur
with other materials and the magnitude of the temperature
shift £ would depend on the specific material parameters.
The shift can be estimated from the current balance equa-
tion, if we expand about AT of the no enhaneement case. For
example, we get for gold

ATy = —An/(do/dkT) =~ —0.081/3.4 = —0.024.  (10)
whieh agrees approximately with the antieritieal tempera-
ture difference (—0.023) found numerically. At high A7, in
the critical temperature region, the derivative do/dkT
changes sign and the enhaneement term is small, leading
to a slight positive shift.

[19] There are other baekseattering formulae and meas-
urements published in the literature. They ean slightly affect
the numerical results. Reeently, Cimino et al. [2004] mea-
sured the backseattering of gold and found deviation at near
zero energy. In view of this uneertainty, we have done a
study using the backscattering coefficient for gold as a
parameter going over the expected range from 0.124 to 1
at near zero cnergy. Since no measurement of other materi-
als is available at near zero energy at this time, we did not
pursuc this aspeet. The backscattering equation does not
change the coneept of our paper. At this time, Cimino’s

0.14

0.10

T, (keV)

0.06

0.02

0.00 I W (M N
0.0 0.05 0.1

E, (keV)

0.15

Figure 2b. Antieritical temperature T, versus the back-
seatter parameter Ey, with gold as the surface material.
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Table 3. Anticritical Temperature and Three Successive Approximations®
Matcrial kT, kTy + % kTy £ % kT + % kT3 £ %

Cu-Bc (activated) 0.0099 0.0117 +18.7 0.0101 +2.35 -0.0099 +0.04 0.0099 +0.09
Kapton 0.0141 0.0105 -25.6 0.0150 +01 0.0140 -0.20 0.0141 +0.64
Mg Oxide 0.0154 0.0146 4.8 0.0159 +3.50 0.0154 +0.04 0.0154 +0.16
Teflon 0.0168 0.0146 -12.7 0.0176 +4.82 0.0168 +0.01 0.0168 +0.27
MgF, 0.0192 0.0195 +1.6 0.0196 +2.16 0.0192 +0.05 0.0192 +0.08
Al O, 0.0197 0.0169 --14.3 0.0208 +5.48 0.0197 -0.02 0.0198 +0.35
Cu-Be 0.0197 0.0200 +1.6 0.0207 +5.53 0.0196 - 0.02 0.0197 +0.34
Glass 0.0243 0.0218 -10.2 0.0257 +5.74 0.0243 -0.03 0.0244 +0.39
SiO, 0.0291 0.0246 - 15.4 0.0307 +5.72 0.0291 -0.03 0.0292 +0.39
SCATHA Boomat 0.0595 0.0465 -21.9 0.0646 +8.58 0.0593 -0.27 0.0598 +0.49
Indium Oxide 0.1082 0.0837 -22.6 0.1177 +8.85 0.1074 -0.73 0.1094 +1.12
Gold 0.1143 0.0808 -29.3 0.1281 +12.10 0.1132 -0.96 0.1146 +0.31
Silver 0.2873 0.1172 -59.2 0.3237 +12.66 0.2615 -8.99 0.2910 +1.29

“Units of the temperatures (multiplicd by k) arc expressed in keV. Here % is the percent difference from T, 7 is the numerical solution with all terms, T + % is
the analytical solution neglecting the ion term, T £ % is the solution to first order, 75 £ % is the solution to sccond order. and T % is the solution to third order.

measurement is the only one available at near zero energy.
One can update the numerical values when measurements
for more matenials are available.

4. Approximate Formula for Anticritical
Temperature

[20] A simple approximate formula of T4 in Tablc 2 is
handy for practical purposes. To seek an approximation, we
neglect the clectron backseattering contribution compared
with that of sccondary cmission. With this change, the
current balanee equation, equation (7), becomes

([(l+k7‘/a) 2= (i F BTA) 2}—_1. (1)

By making a Taylor cxpansion in A7, and kceping only thc
lowest terms, we get the approximate solution A7

l ab

KTy ~kTp = = 12
4 R T (12a)
or in terms of Fp,,, and é,,,«
E
KTy = 0147222, (12b)
émax

This simple formula is valid at small AT and with no
backseatter component.

[21] The kT, results obtained from equation (12b) arc
given in Table 3 for a list of available surface matenials (sec
Table 2 for the propertics). In Table 3, the first column
specifies the material. The next eolumn, labeled AT, is the
numerical rcsult. The ncxt two columns show &7, and its
percent error. It can be secn that, at low anticritical tempcer-
aturcs (k7 < 0.1 keV) the cstimate is accurate to about 20%.
But at higher tcmpcraturcs (A7 > 0.1 kcV), the estimatc 1s
considerably worsc (silver is ~—60%). The main rcason for
this poor kT bechavior can be traced to the £77b term. Since b
itself is typieally quite small, the approximation of neglecting
the higher-order tcrms progressively fails as AT increascs.

[22] We ean obtain a better cstimate of 47 if we develop a
hybrid expansion of equation (7). By this we mean that the
terms k7/a and CkT are expanded and the first-order terms

retaincd, but all powcers of the k7/b tcrm are kept. This
procedure leads to the cubie equation shown below

a 47

el +2”(%_ ’) + (kT)? (———) —ur)2e

=0, (1
= <

b b

where we have defincda=1+(4 - B 1) cand 3= l/a
BC/c. This equation can be solved to successive orders by
keeping thc two lowcest-order terms, the first three terms or all
four terms. The solutions are denoted by AT, AT,, and AT,
and the results, along with the percent errors, are shown in
Table 3. It is cvident that the lincar estimate A7 1s good to
about the 10% level and tends to give high values. The
quadratic result k75 is accurate to about 1%, but it too has
10% crrors in the higher-AT range. In order to get the crrors
down to approximatcly the 1% level throughout, onc nceds to
solve the cubic cquation for k75. Howcvcr, if onc requires just
a practical “ballpark” estimatc of the anticritical tcmperaturc
the linear result suffices and it is cxplicitly

T = b(l1-a)
' 2a - b3)

kTo(1 — 4 + B)
I+ 2kTo[BC — (1 — A + B)/b]

(14)

This formula contains kT, and the extra terms lead to better
accuracy than cquation (12b). It differs from the pure Ty
estimatc in that backscattcr coefficients 4, B, C are used and
kT/b has been treated more fully. If E, is known one can
further cstimate the effect of backscatter enhancement by
cmploying the shift equation (10).

5. Triple-Root Situation With Two Maxwellian
Components

[23] Consider a plasma clectron population which is a
superposition of two Maxwellian distributions with temper-
atures T, and T,. A nccessary condition [Lai, 1991a] for a
triple-root situation to oecur is

T<\Tt < T (15)
where T* is the ernitical temperature. Before we introduce a
new degree of complication, the anticritical temperaturc 7,

into the inequality equation (15), let us first review the
underlying idea.
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[24] Consider a double Maxwellian distribution f(E)
where wc have expressed the vclocity in terms of the energy
E. The clectron distributions are

S(E) = A(E) + f(E). (16)
Fi(E) = ny(m/27kT., )** exp(—E /KT, ), (17)
FE) = ny(m/27kT, 2 )" exp(~E/KT. ). (18)

where T,; and T,, denote the first and the second
Maxwellian clcctron temperatures respectively. Threc
analogous cquations can be written for double Maxwellian
ions, with the subscript e replaced by 7. The temperaturc in a
Maxwecllian distnibution is defined as the inversc of the
slope of the graph of log AF) as a function of £. We assumc
that 7,, < T,, and T;, < T;>. For simplicity, we assumc
charge ncutrality, n = n, = n;. (In the discussion below,
variable densitics arc indirectly accounted for by the varying
fluxes.) We temporarily neglect thc ions for low potential
magnitude. If both temperatures T, and T, , are below T*,
the net flux, intcgrated over energy and including sccondary
and backscatter contributions, would be positive. The
surface would charge to a positive potential and there 1s
no compctition. Likewise, if both T, ) and T, , are abovc T*,
the surfacc would charge to a negative potential and there 1s
again no compctition. Therefore, it is necessary to satisfy
the inequality (15) for the two distributions to compete with cach
othcr. Such competition can produce a triple root situation.

[25] Lect us now write down the full expressions of thc
fluxes collected by a spacecraft at a negative voltage ¢. The
total flux Jris given by

Jr(0) = Si(0) +J2(9), (19)

wherc cach term is the sum of the scparatc contributions
from thc clcctrons and ions

S1(6) = Jea(0) + Ji1(0) (20a)
J2(0) = Je2(d) + Jia(0). (20b)
We havc explicitly the terms
Jl(d’) =—] I(O)[l =) (ﬁ + n)] exp(-ﬂ)
e, kTEl
P S
+/..|(0)[| kT,u] (21)
Sr(0) = — je2(0)[1 — (6 + )] exp(— qe¢>
sz.2
o] - 40
+/i2(0) [I km], (22)
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whcre

[y dEEf,(E)[6(E) + n(E)]
(G = = dEEJ,(E)

(n=1.2), (23)

qg. = —e, and ¢; = +e.

[26} In equations (21) and (22), j..(¢) and j; (¢) are the
ambient electron and ion fluxes, 6(F) and 7(E) arc thc
cmission coefficients for secondary clectrons [e.g.,
Sternglass, 1954a; Sanders and Inouye, 1978] and back-
scattered clectrons [e.g., Sternglass, 1954b; Prokopenko
and Laframboise, 1980], and e the clemcntary charge. The
index n (= 1, 2) labels the Maxwellian. The extension to
higher-component plasmas would be done by simply
including morc tcrms. The exponentials are duc to repul-
sion of clectrons by the negative potcntial (Boltzmann
factors) and thc square bracketcd ion tcrm represents the
attraction of positive ions in thc orbit-limited regime of
Mott-Smith and Langmuir [1926], which is a good ap-
proximation at geosynchronous altitudes. No approxima-
tion of ion mass or temperature relative to thosc of
clectrons has bcen assumed in thesc terms. In thesc
expressions it is assumed that ¢ < 0. In the regimc ¢ >
0, the surface would be electron attracting and ion repel-
ling and the net current would rapidly go to ncgative
values.

[27] The symbols in equations (21) and (22) are related to
those in equations (20a) and (20b) as follows:

Jn(0) = ~ienO)1 = @+ lexp(~52)  n =12 @24
J,-.n(o)=j,-.n(0)[l—%p] n=12. (25)

We ignorc the ions for ¢ near 0, because j, ,(0) > j; .(0)
(n =1, 2). The flux inequality is usually valid becausc of
the difference in clectron and ion masses. We further
assumc that j, (0) > /. »(0), in order to illustrate thc triplc
root case. Thc sign convention in equations (20)- (23) is
that the incoming electron flux is negative.

[28] Thc admissible values for the spacccraft potentials
are given by the zeros (roots) of the total flux (i.e., given by
thc current balance cquation at stcady statc)

Jr(®) = 0. (26)
Let us now examine the nature of thc function JH{¢) by
varying ¢. At ¢ = 0, J{¢ = 0) is dominated by thc
contribution from the electron term of the first Maxwcllian
distribution
Jr(0) = —jea (0)[1 — (8 +m)]. (27)
Since T, < T* (equation (15)), there are more outgoing
electrons than incoming ones, thercby rcndering (6 + 7))
greater than unity and therefore JH{0) is positive. This
situation is depicted in Figure 3 (top).
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Figure 3. A (top) triple-root situation and (bottom) triple-
root jump in spaeeeraft potential ¢ for a double-Maxwellian
distribution of eleetrons in spaee. The roots are at the zeros
of the total flux. The J{¢) eurve for ¢ > 0 follows a
different equation for eleetron attraction and ion repulsion.

[29] As the magnitude of ¢ (<0) inereases, the exponen-
tials in equations (21) and (22) become increasingly influ-
ential. Since 7, < T3, the exponential in equation (21)
decreases faster than that in equation (22) and J{(¢ < 0)
deereases. Eventually, at sufficiently large magnitude of ¢
(<0), J{¢ < 0) is dominated by the eontribution from the
eleetron term of the second Maxwellian distribution. Sinee
T> > T*, the (6 + 7j) term in equation (27) is less than unity,
rendering J{¢ < 0) negative (Figure 3 (top)).

qe‘?)
kT..)
As the magnitude of ¢ (<0) inereases further, eventually
the ion terms in equations (21) and (22) will beeome
increasingly important. This is because more and more
positive ions are attracted by the inercasingly negative
potential ¢{<0). This results in the total fluxes J;{(¢ < 0)
rising to positive values (Figure 3) and subsequently.

[30] As the environment parameters change in time, the
flux-voltage eurve adjusts aceordingly. If the net flux
deereases or inereases through zero, a pair of neighboring
roots ean sometimes coalesee and disappear. If this happens,
a jump in spaceeraft potential to the remaining root would
occur (Figure 3 (bottom)). In a general plasma, there may be
more than three roots. The even roots are stable and the odd
roots are unstable [Lai, 1991a). If the dynamic plasma
changes such that two roots coalesee, the jump is between
two remaining stable roots.

[31] The prerequisites for a triple root jump are: a
positive flux near the origin (¢ < but =0), with a deerease
to negative flux at middle potentials ¢(<0), followed by
the rise to positive flux in the limit (¢ < 0). If the positive
flux at low potentials ¢(<0) goes negative or the negative
flux at the middle potentials goes positive, two of the roots

16 < 0) = —oa(O)[1 = (6 + 1) exp(— (28)
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can disappear and a jump to the remaining stable root
triggered.

6. Double-Maxwellian Distribution With
a Low-Temperature Component

[32] Now let us look at spaceeraft charging when there
is a double-Maxwellian plasma with a eomponent that
has temperature less than the antieritical level. For
brevity, we label the eleetron terms by their uncharged
strength j, = |J.,(0)] where n = 1, 2 eorresponding to
the nth temperature.

6.1. Case 1

[33] Consider a double-Maxwellian distribution in whieh
the two temperatures Ty and T, satisfy the following
inequality:

T T < T < T (29)
We initially assume that at ¢ = 0, the dominant contribution
is from j,, whose temperature T satisfies equation (29), and
therefore JA0) is negative. As the magnitude of ¢(<0)
inereases, the exponential term multiplying j, deereases
faster than that multiplying j;. Eventually, the second
distribution (T = 7)) gains the upper hand. The second
distribution has T, < T} < T™* (equation (29)) and thercfore
Ji{(# < 0) ean be pushed from negative to positive. As the
magnitude of ¢(<0) inereases further, eventually the
incoming ion flux will win beeause a high negative voltage
attracts abundant positive ions. Therefore, Jy(¢ < 0) goes
more positive. We econelude that the situation of equation
(29) does not feature a triple root. There is only a single
negative root, which arises when the j; term pushes the net
flux down to negative values. This situation is illustrated in
Figure 4f. If the j, term is not strong enough to drive the net
flux to negative values, the root would form at positive
potential. If the j; term is negligible, the flux eurve would
match the ion line until the j, term comes in. On the other
hand, if at ¢ = 0, the dominant eontribution is from j,, then
the current is initially positive and stays positive. There is
again no triple root situation and a single root would form at
positive potentials.

[34] Consider now the case where the ambient plasma
ehanges such that the /| flux increases. The net flux is lifted
higher and any existing negative root would move toward
the origin (less negative).

6.2. Case 2
[35] Consider a double-Maxwellian distribution in which
the two temperatures T, and 7T, satisfy the following
inequality:
To<Tyu<T* < T, (30)
We initially assume the first Maxwellian distribution be
more abundant. At ¢ = 0, the dominant eontribution is from
Jo, whose temperature T, satisfies equation (30) and
therefore J7(0) is negative. As the magnitude of @(<0)
inereases, the first exponential (equation (21)) loses its
influenee compared with that of the second (equation (22)).
Eventually, the seeond Maxwellian gains the upper hand.
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Figure 4. (a) Current-voltage behavior in a single-Maxwellian plasma. The inputs are listed in Table 4
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inputs are listed in Table 4 (cases d-g).
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However, the seeond Maxwellian distribution (7> > T*) also  The equation (19) is now generalized to
favors negative flux. Therefore, both Maxwellian distribu- Jr(0) = Jo(6) + 1(6) + J1(0). (32)

tions behave in the same way: both j, and j, give negative
flux and there is no competition between the distributions.
As ¢ (<0) inereases further, the ineoming ion flux
dominates beeause high negative voltages attraet positive
ions. We eonelude that in this ease there is no triple-root
situation. There is only a single negative root, arising when
the term j, plus the term j, push the net flux to negative
values. The eharaeteristie curve is shown in Figure 4e. If
these eombined terms are not strong enough to drive the net
flux to negative values, the root would form at positive
potential.

[36] If j, inereascs, as the plasma evolves, the net flux
decreases. A root at negative potential would move toward
more negative potentials. If j, is strong enough to produee a
negative root without a j, eontribution, the root ean move to
high negative potentials. This is the normal ease for charg-
ing above the eritical temperature (Figure 4a).

7. Triple-Maxwellian Distribution With a
Low-Temperature Component

[37] Consider a triple-Maxwellian distribution in whieh
the three temperatures satisfy the following inequality:

To<Ty<Ty <T*<Ts.

30

where the terms have the forms given in equations (21)
(23). As in section 6, we assume that each of the eleetron
fluxes is about 2 orders of magnitude higher than the
eorresponding ion fluxes. Let us assume further that the first
Maxwellian eleetron flux j, o(0) is stronger than the seeond
and third eleetron fluxes. Aecordingly, at ¢ = 0, the total
flux JH{0) is negative, and a representative point, A, is
shown in Figure §.

[38] As <0) inereases in magnitude, the low-
temperatures 7, in the denominator of the exponential
reduees the low-energy flux j.o(¢) faster than the middle
energy flux j,.(¢). Eventually, j. (¢) exceeds j.o(¢) and
ean dominate. Sinee the temperature 7, of j. 1(¢) is below
the eritieal temperature T*, the contribution 1s positive. In
other words, the total flux J{¢) can be driven positive. A
representative point B is shown in Figure 5.

[39] As ¢(<0) inereases further in magnitude, the expo-
nential of Ji(¢) in equation (32) will diminish faster than
that of J5(¢) in equation (32) beeause T,; < 7,,. When
Jo(¢) dominates, eharging to negative voltages will oecur
because T, exeeeds the eritieal temperature T*. As a result,
the total flux, J{¢), can go negative. A representative point
C is shown in Figure 5.

[40] As ¢(<0) inereases even further in magnitude, even-
tually the inereasing highly negative potential ¢ will attraet
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Figure 5. A triple-root situation for a triple-Maxwellian
distribution of eleetrons in spacc. As the space environment
changcs, thc distributions change. Suppose the spacecraft
surface potential is at the first root ¢, on the right (near 0)
initially. Let the point near B change in such a way that it
sinks as time evolves. When it sinks below J{¢) = 0, the
first two roots ¢, and ¢, coalescc and disappcar together,
Icaving only the third root ¢, at the far left (high ¢ < 0). The
spacecraft potential would jump to the third root ¢,.

so many incoming ions that the ion flux will dominate over
the fluxes of clcetrons. When the incoming ion flux dom-
inates, the total flux J{(¢) will be positive. Further inereases
in the magnitude of ¢ (<0) will not altcr the dominance of
the ions. A representativc point D is shown in Figure 5.

[41] The curve in Figure 5 illustrates a possible initial
flux-voltage characteristic compatible with the plasma tem-
perature condition (equation (31)). As the plasma evolves in
time, the flux j; could decrcase or j, could inereasc, causing
the positive bump in the flux-voltage eurve (at point B) to
drop down to negative eurrent. If the surface was originally
lying at the root between B and A, it would jump to the high
negative root between points C and D.

[42] InFigure 6 we show a ease where the j,//, ratio is low
enough to lower the nct flux near the origin to slightly
negative values. It is cvident that no triplc root is possible,
but that one could occur if there was no j, component pulling
down the curve at the origin (so the plot looks like Figure 3
(top)). It is in spccial cases like this one that the T term makes
a difference in the possible appearance of triple roots.

[43] This discussion illustrates that, depending on the
relative magnitudes of the fluxcs, a triple root situation
can devclop when the plasma temperatures span the critical
and antieritical temperatures. The antieritical eomponent
produees a negative down tumn in the flux-voltage charae-
teristic curve, near the origin. It only slightly modifies the
triple root situation relative to the double Maxwellian case
and the formation of triple roots still depends primarily on
the relative strengths of the j; and j, fluxes. A more
quantitative numerical treatment of the threshold for the
triple root situations is described in Appendix A.

8. Anticritical Temperature and Low-Voltage
Charging

[44] In this section we deseribe the possible shape of a
low-voltage surface charging curve plotted against the
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average electron temperature. We will assumc that the
spacecraft is differentially charged and that therc is a eloud
of low-cnergy clectrons present. The electron cloud could
form because of sccondary eleetrons trapped locally or
because of returning photoelectrons in sunlight. The mech-
anisms of low-energy electron cloud formation are outsidc
the scope of this paper.

[45s] We consider a plasma distribution with thrce possible
Maxwellian components, with relative flux strengths Jy, J;,
J>. The charging is discussed with respect to the avcragce
electron temperature. Let the overall plasma tempcrature T
be given by thc flux-weighted expression.

=jnTO +iN +jhT
Jo+ji+j

T (33)

Let us look first, at the lowest average tcmpcrature region.
The flux is dominated by electrons with temperature in the
anticritical region. The potcntial is sct mainly by a balance
between the low-temperature electrons with strength Jy and
the ions. This situation is dcscribed in Figurc 4c, with
negligiblc J; contribution. The elcctrons add a negative
contribution near the origin and if the strength J; is
suffieient to turn the net flux into negative values, therc will
be a root formcd. If the electron flux is not strong cnough,
the flux will be positive at the origin, and the root will form
at positive voltage. Let us now eonsider the case where the
average electron temperature is abovc the anticritical
temperature, but below the critical tcmpceraturc. We can
represent this situation by adding a substantial positive
contribution of strength J; from a Maxwellian tcrm with
temperature above anticritical. The cffeet of this term is to
bump the Jygreurve up until it reaches the point at which the
low-energy electrons eome in and again produce a drop to
negative flux near the origin (sec Figure 4f). We note that a
rising bump duc to J; would cause the root to move slightly
toward the origin. Consider now thc casc with the average
electron temperature well above the critical temperature. A
dominant clcctron flux of strength J> would pull the net flux
curve to negativc values. If there is any small low-cnergy J,
eontribution still prcsent, it would havce a little cffect on the
root. The transition from the situation of Figurc 4f to the
present case (of rising electron tcmpcraturc resulting in J,
dominating), is shown in Figure 6. For thc purposc of
illustrating the transition from Figurc 6 (top) to Figurc 6
(bottom), we have highlighted the Jygt eurve. There would
be an approximately linear rise in thc charging potential
above the eritical temperature as can bc predicted from a
simple singlc Maxwellian model [Lai and Tautz, 2006).

[46] The ease where the average clectron tempcraturc is
approximately equal to the critical tempcrature can be quite
complex. In this region one expects to get both Jy and J,
contributions and the result is sensitive to the ratio J,/5. If
Jy is stronger than J, a triple root situation can occur, as
depicted in Figure 5. If J, is weaker than J5 onc can obtain
the curve shown in Figure 6 (bottom), whcre thc J, tcrm is
not strong enough to push the net flux to positive values and
a single root forms. In this complex ease, the threshold for
the triple root formation depends on thc tempcratures as
well as the ratio J,//, and is not very scnsitive to j,. In the
limit Ty — T, = T*, the high-temperaturc elcctron fluxes
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Figure 6. Transition from (top) a triple-root situation to (bottom) a single-root situation. The inputs are
kTy=0.11, kT> = 0.3, and kT; = 0.1 keV. The density inputs are ny = 4, n; = 0.4 (in Figure 6 (top)), n, =
0.2 (in Figure 6 (bottom)), and n, = 0.1 em . The ion temperature £T; = 1 keV and the ratio of ion eurrent

to eleetron eurrent 1s taken as 0.01.

tend to eaneel and one reverts to the previous low-energy
case (Figure 4a).

[47] For eomparison, we have grouped together the eom-
plete set of seven different eases of eurrent-voltage behav-
iors in Figures 4a-4g. The equations used are equations
(28) and (29) or their respeetive simplifieations for double
and single Maxwellian cases. The density and temperature
inputs are listed in Table 4.

[48] We remark that near 7%, the eurrent-voltage eurve
tends to be nearly flat. A slight “pulling up” and a “push
down™ near the zero crossing may make a triple root
situation to appear. For a triple root, we need a positive
flux J, at T; < T* in eomparison with a negative flux J, at
TI,>T,.Onecanwrite T) = T* -~ Ayand T, = T* + A,.
Sinee A; and A, do not have to be equal or small, it is
difficult to make a general statement on the triple root
location. Suppose a triple root situation forms as a result.

The eorresponding signed fluxes J, and J, are negative
beeause of our temperature assumptions. The flux j, ean be
smaller than j, and j,, beeause its veloeity is mueh slower
than the others. In the average temperature 7, the flux j, ~ 0
in equation (33), so that

g S (34)
ot
If j; = j,, equation (34) becomes
1
T='2(T| + Ta), (35)

and assuming A; = A, or small with respeet to T*, then
equation (35) beeomes T = T*.

[49] In Figure 7 we show empirical data for the negative
of the measured spaeeeraft potential versus average eleetron
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Table 4. Electron Density Input in Case Studies®

Casc ng ny na
a 0.0 0.0 0.1
b 0.0 0.1 0.0
c 1.0 0.0 0.0
d 0.0 0.3 0.1
€ 4.0 0.0 0.1
f 4.0 0.2 0.0
g 4.0 0.275 0.1

“Input densitics ng, 1y, and 15 (cm’ %) for three Maxwellian distributions with
temperatures T < T, < Ty < T* < T, respectively. For the caleulations in
Figurcs 4a—4g, we have used k75 = 0.011 keV, kT, = 0.014 keV, kT, = 0.3 keV,
kT* = 0.5 keV, and &T, = 0.9 keVs. The kapton values of T, T*, sccondary
clectron cocfficient, and backscattered clectron coefficient arc used.

temperature of the ambient plasma, obtained on a Los
Alamos National Laboratory (LANL) satellitc under eclipse
eonditions [Thomsen et al., 1999]. We have provided above
a qualitative physical interpretation to the data. Only two
eleetron distributions plus ions are needed to describe the
main features of Figure 7. At low average tempcratures, low
negative eharging ean oeecur. As the average temperature
rises above the anticritical level (herc cstimated at ~ 10 eV),
positive flux comes in and lifts the net flux curve, shifting
negative roots to smaller values. This shift to smaller
negative charging voltages is seen statistieally in Figure 7.
As the average temperature goes abovc the entical temper-
ature (~300 eV), the negative flux begins to dominate and a
linear response to high (negative) potentials is seen. Triple
root configurations can occur when the average temperaturc
is near the crtical temperaturc and the high (negativc)
potentials seen in Figure 7 at about 300 ¢V have the
signature of triple root jumps.

9. Conclusion

[s0] For many surface materials an anticritical tempcra-
ture exists along with the well-known entieal temperature

LAI AND TAUTZ: ANTICRITICAL TEMPERATURE

All211

for onset of negative charging. The anticritical temperature
allows low-voltage negative eharging to oeeur below it and
suppresses the charging above it. These two temperatures
oeeur beeause of the eharaeteristie shapes of the seeondary
and baekseatter yield eurves and the theory for each is
similar (eurrent balanee). While the eritieal temperatures for
materials eharging are of the order of a kilovolt, the
antieritieal temperatures, if they exist, are typieally less than
a few hundred volts. There is a large uneertainty in the
antieritical temperature due to the unknown behavior of the
electron backseatter as the ineident energy goes to zero.
Reliable values of antieritieal temperature await the devel-
opment of more aceuratc electron backseatter measure-
ments. In theory, a low-energy enhanecement in the
backseatter yield moves the anticritical temperature to
smaller values and it vanishes if the baekseatter is too
strong. Due to the low energies involved, approximate
values of the antieritieal temperature ean be obtained by
Taylor cxpansions, but these are also subject to the same
backseatter uncertainties. We havc looked systematieally at
low-energy charging with a double and triple Maxwellian
plasma. The low-cnergy charging versus cleetron tempera-
ture is deseribed qualitatively and is in approximate agree-
ment with a sample of LANL mcasured data. Triplc root
situations are also diseussed and a rough signature is given;
anomalous eharging oeeurs just below the entieal temper-
ature. Charging points having this approximate triple root
signature are¢ also seen in the sample data.

Appendix A: Thresholds for Triple-Root
Formation

[s1] We consider a triple Maxwellian plasma with tem-
peratures Ty, Ty, and T, which satisfy

To<Ty<Th <T <7y,
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Figure 7. LANL spacecraft eharging versus avcrage electron temperature. The data is for eelipse. A
rough estimatc of the anticritical tempcrature 474 is 10 eV, and a rough estimate of the critical temperature

kT* is 300 eV. (Courtesy of M. F. Thomsen.)
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where T, and T* are the anticritical and cntical temperaturcs
for charging. We can write the total incoming flux, in the
orbit-limited regime, as

Jr(o) =Jo eXP(—F) +J, cxp(ALo)

kT
qed _4i®
krz) +J,(I kr’_),

where g, is the electron charge, ¢; the ion charge, and ¢ < 0
the surface potential. The positive ion flux J; given in the
last term of equation (Al) is typically much smaller than the
eleetron fluxes, at low charging potentials, and we shall
neglect it in the (necessary) threshold condition. The Jy
(N =0, 1, 2) are the signed clectron fluxes at zcro
potential. In terms of the variables in the main text, we
have

+Jzexp(— (A1)

Iv = —jen(O)(1 — (& +n)),

where ¢ and 7 arc the corresponding secondary and
backsecatter cocfficients. According to our temperature
assumption, the signs of J, and J> are negative and that
of J; is positive. As in the text, we can introduce the
absolute flux strengths jy = |Jy]. We can then write
equation {Al) as

i(O) = —i _42) _4%¢ L
J(o) = JOCXP( Ar)ﬂucxp( le) J’exp( AT)

(A2Z)

In cquation (A2), the clectron potential cnergy gq.¢ is
positive for negative charging voltages. The signs of the
terms arc given cxplicitly. We could normalize to the
central region flux, making j; = 1, since this term must
always be present for triple root formation. If there is no
Jjo flux present, a nccessary condition for a triple root
situation is simply that the flux be positive at the ongin
(¢» = 0) so that the strengths satisfy j, > j, [sece Lai,
1991a]. If there is a j, component, this threshold
condition will be modified, as is discussed below.

[s2] A necessary condition for a triple root situation to
occur is that the net flux-voltage characteristic goes positive
ncar the origin and then sink to ncgative values at larger
q.¢. If the ions are neglected, this condition can be satisfied
if the clectron curve has a maximum at some point g,.¢, and
a minimum at q,0, > ¢.¢,. We can write these extrema
conditions as

L(i 2 S0 o 4P I 4e0
2. \do,) Tk, P\ " km ) kT kT,
I 4e9)
HE =0
+ AT exp( kT)) (A3)
‘lj Jo qe 0y ¥ [7 o))
<1102> kT P( kTy kT, e5p kT
J 9.0y ==
AT cxp( kT2> =0 (A4)
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For the purposes of numerical analysis, we can regard these
conditions as two equations in the unknowns fy = j/j; and

2 = jaljy, with Ty, Ty, Ta, q.01, .02 as fixed parameters. A

simple matnix inversion then yields the solutions

ﬁ)) I i (cxp(—qyd)./kﬂ ))
- =—(M X A
(/2 i M expl—g.0a/kT) )
where (M) is the 2 x 2 matnx
—I—c P( qyol) L cxP(—q(‘—ol)
o= [T BV | g
——cxp( dsu —— exp . |
kTo kTo kT, kT,

This procedure yields the vanables f, and /; as functions of
the temperatures and potential energies. If j, is known, then
by substitution in equation (A2) we further obtain j(¢,) and
J(¢2). To illustrate the numerics, we assume nominal
temperatures (keV) for the regions: kT, = 0.011, k7, = 0.3,
and k7, = 1.0. We have caleulated the difference g.d¢ =
qo02 — q.0 with j(¢y) held at zero. This gives the do
dependence at the (nccessary) threshold. The caleulation
indicates that d¢ is approximatcly a constant at the
threshold. Its value depends on the chosen temperatures.

[53] In order to better understand the onset of triple root
formation, we examine the approximate behavior at the
threshold condition.

q4e9)

1 o)
-5 cxp(—ql:(r?) -
If g0, > kT we can negleet the first term in (A.7) and find
. Q)
L p( 7r,.')

where we have defined the temperature vanable 75 > 0 as

(AT)

(A8)

2T

Now let us look for another approximate expression for f5.
From the matrix solution, we have

e P2

kT )

My g0\ My
— =L e -+ == J—
h X\ T &7, %P

kT,
If g.¢1 > kT, we can again neglect the first term. We are
left with

(A10)

T (](Q’I
fy\«ﬁcxp(”h) (A1)

Combining equation (All) with equation (A8) we get

T
e Ao = = oy — 4.0 = kT lOg(T—.> (AIZ)
1
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Figure Al. Estimated A¢ = ¢ — ¢ versus j,, with j, as

fixed parameter, for nominal temperatures.

This expression corresponds to the numerical result of
constant q.d¢.

[54] In a physical case, we are more likely to know the
fluxes jo, /i, /> than the positions of the extrema ¢, and ¢,.
Using equations (A3) or (A4), approximate expressions for
¢, and ¢, ean be obtained in terms of temperatures and
fluxes. An approximation for ¢,, is found by putting the
exponential in the last term of equation (A3) equal to one,

whieh yields
Ty (jl jz))
0y =kTo logl — | == —==) |.
qePy 01 08(10 B

where Ty, < 0 is defined in the same way as in equation
(A9). We can get an approximate expression for ¢,, by
negleeting the first term in equation (A4), which gives

1 T
qer = kT |°g(ilfz)~

2T

(A13)

(A14)

In these approximations, the log argument and q.¢;, ¢.0>
are positive, leading to restrictions on the flux strengths (jy/
To +Jjo/T> <j)/Ty joljy < T-/Ty). When a representative set of
parameters Ty, Ty, T> and jp, ji, j» are known, equations
(A13) and (A14) can be used to estimate ¢, ¢, and if the
condition

T
4oy — 4oy > kT logf (A15)

holds, then, to the level of approximation considered,
the system is above the threshold. If we again let the
temperatures have the nominal values given above, the
value of the right hand side of equation (A15) 1s found to
be 0.52.
[ss] Using the approximate formulae (equations (A13)

(A15)) we ecan estimate the threshold behavior directly as a
funetion of the flux strengths. In Figure Al, we show the
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variable d¢ as a funetion of j,, over three decades of jj (in
this plot we assume j; = 1). There is very little jo depen-
dence. At the threshold (d¢ = 0.52) it is evident that j, is
slightly less than one. Lower values of j, are above
threshold and higher values are below it. Figure Al indi-
cates a rough signature for triple root charging: there should
be a positive flux contribution from below the eritical
temperaturc and a weaker negative (here j, < 1) flux from
above the ecritical temperature. On a plot of spaceeraft
charging versus the average electron temperature, the triple
root potentials would appear as uncharacteristic high (neg-
ative) potentials oceurring below the critical temperature.

[s6] The threshold relation investigated in this appendix
is a necessary condition. To obtain both necessary and
suffieient eonditions one must inelude the ions. Thus, to
get a triple root situation, we would have

Jqed)) +Jiqip)) > 0 (Al6a)

1(q:92) + Ji(qidr) < 0. (Al6b)
If J; ~ 0, we get back from equation (A16a) the eondition
diseussed above and equation (A 16b) is satisfied identically
sinee j(¢,) < 0 when the j, term is dominant. At zero
potentials the ion fluxes are typically 2 orders of magnitude
smaller than the eleetron fluxes, beeause of the smaller
clectron mass, and the approximation J; = 0 1s a good one.
We are here assuming that we are below the asymptotie
limit ¢ — 20, where j(¢) — 0 and the flux is dominated by
the positive ions. A net flux voltage eurve, including the
ions, is depicted in Figure 5. In Figure 5, point B is shown
as the positive maximum at ¢, and point C is the negative
minimum at ¢,.

[571 The above analysis could be carried out with plasma
densities ny instead of fluxes, using the eonneeting relation

Jy = eny /T (8(Tw) + 1(Tw) — 1), (A7)

where ¢ is a constant. In order to eompute the seeondary and
backseatter coefficients, the material properties are needed.
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